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PREFACE 


This  study  was  performed  for  the  Advanced  Sensors  Directorate,  US  Army 
Missile  Research  and  Development  Command  and  was  supported  by  the  Scientific 
Services  Program,  Task  Order  No.  77-69  for  the  Battelle-Columbus  Labora- 
tories (Durham  Operations)  under  US  Army  Research  Contract  No.  DAAG29-70- 
D-0100.  Dr.  Waldman  is  an  Associate  Professor  of  Physics  at  the  University 
of  Lowell,  Lowell,  Massachusetts. 


I. 


INTRODUCTION 


MIRADCOM  is  engaged  in  the  development  of  missile  guidance  links 
operating  in  the  millimeter  wave  spectral  region.  Since  system  performance  is 
directly  related  to  component  performance,  it  is  necessary  that  present  device 
performance  be  established  and  future  device  performance  be  predicted.  To 
accomplish  this,  MIRADCOM  is  engaged  in  an  assessment  of  millimeter  and 
submillimeter  device  technology.  This  report  reviews  the  status  of  sensors 
capable  of  operating  in  the  region  between  approximately  100  and  GOO  GHz. 
State-of-the-art  sensitivities  are  reported  and  an  assessment  of  future  per- 
formance is  made.  Background  material  is  provided  wherever  possible  to  put 
performance  figures  in  their  proper  context.  Detectors  which  have  inherently 
slow  response  times  are  not  included  in  the  rejxjrt  as  no  role  can  be  foreseen 
for  these  detectors  in  radar  and  missile  guidance  systems.  However,  fast 
photoeonduetive  detectors  are  considered  in  some  detail  because  of  their  future 
potential,  rather  than  their  preserft  performance. 

A separate  report  on  pyroelectric  detectors  is  in  preparation  and  will  be 
available  shortly. 


II.  SUMMARY 

The  present  status  of  millimeter  and  submillimeter  wave  ( 100  to 
600  GHz)  sensors  is  reviewed  in  this  report.  Fundamental  limitations  to 
receiver  sensitivity  and  their  origins  are  discussed  and  compared  for  the  two 
basic  methods  of  detection:  direct  (or  video)  and  superheterodyne  (mixing  the 
signal  with  a local  oscillator  and  detecting  at  the  difference  frequency) . Per- 
formance figures  for  detectors  operating  in  both  modes  are  presented. 

For  those  detectors  where  data  are  available,  namely  room  temperature 
Schottky-barrier  diodes  and  liquid  helium  coded  InSb  photoconductors,  super- 
heterodyne noise-equivalent-power  (NEP)  is  seven  to  eight  orders  of  magnitude 
greater  than  video  NEP.  For  this  reason  the  main  focus  of  attention  by 
scientists  and  engineers  requiring  high  sensitivity  in  detecting  millimeter 
radiation  has  been  on  superheterodyne  receivers  and,  in  particular,  on  receivers 
using  Schottky-barrier  diodes  as  the  mixer  element.  This  interest  developed 
as  a consequence  of  the  success  of  solid-state  engineers  in  fabricating  small- 
contact-area,  low-capacitance  Schottky  diodes  capable  of  rectifying  at  these 
very  high  frequencies.  As  a result,  primarily  of  radio  astronomers  and  their 
colleagues  who  design  receivers,  the  performance  level  of  room  temperature 
GaAs  Schottky-barrier  diode  superheterodyne  receiver  systems  has  improved 
dramatically  during  the  past  two  to  three  years.  At  the  present  time,  the  best 


room  temperature  receiver  NEP  at  a frequency  of  :H)0  GHz  is  only  one  order  of 
magnitude  above  the  fundamental  limit  resulting  from  noise  due  to  thermal 
background  radiation.  Of  course,  results  are  even  better  at  lower  frequencies. 
Based  on  the  rapid  rate  of  progress,  one  can  anticipate  further  near-term 
improvements.  Therefore,  for  frequencies  up  to  .{00  GHz,  there  does  not 
appear  to  be  any  urgent  need  to  develop  new  detector  systems;  GaAs  Schottky- 
barrier  diodes  and  perhaps  silicon  Schottky's  as  well  should  perform  near  the 
ideal  limit. 

However,  the  best  receiver  systems  are  generally  one-of-a-kind,  operat- 
ing at  radio  astronomy  facilities,  and  components  (such  as  the  high  frequency 
diodes)  are  not  readily  obtainable.  Therefore,  support  is  strongly  recommended 
to  speed  up  the  conversion  of  scientific  realizability  into  commercial  availability 
in  this  area,  including  support  for  the  development  of  stable  high  frequency 
sources,  which  are  required  as  local  oscillators  in  superheterodyne  receiver 
systems.  At  the  present  time,  the  sensitivity  of  systems  using  Schottky- 
barrier  diodes  and  operating  above  approximately  150  GHz  is  limited  by  the 
lack  of  sufficient  local  oscillator  power,  and  source  development  here  would 
immediately  improve  receiver  performance.  In  addition,  the  millimeter  wave 
planar  Schottky-barrier  detector  (a  very  recent  development  which  is  discussed 
in  Section  IV.  D)  deserves  attention  because  of  its  considerable  potential  in 
missile  receiver  systems. 

Alternatives  to  Schottky's  for  use  in  superheterodyne  systems  are 
reviewed  in  this  report.  They  are  Josephson  junctions  and  bulk  photoconductors, 
both  of  which  require  liquid  helium  temperature  for  operation.  The  InSb 
receiver  system  (discussed  in  Section  VI.  F)  indicates  the  capabilities  of  bulk 
photoconductors  for  broadband  performance  ( InSb  will  operate  anywhere  between 
100  to  1000  GHz)  and  near-ideal  sensitivity.  However,  a photoconductive 
material  where  the  carriers  have  a shorter  relaxation  time  (approximately 
5 nsec  instead  of  the  0.4  gsec  relaxation  time  in  InSb)  is  probably  required  for 
radar  system  applications,  and  support  of  solid-state  research  in  this  area  is 
recommended. 

Direct  detection  capabilities  of  a number  of  detectors  is  reviewed, 
including  Schottky-barrier  diodes,  Josephson  junctions  and  InSb,  GaAs  and 
silicon  negative  donor  ion  photoconductors.  A reasonably  sensitive,  fast  room 
temperature  video  detector  would  be  highly  desirable  for  terminal  homing 
applications  (e.g.,  as  a sensor  on  the  missile).  While  the  Schottky  detector 
holds  considerable  promise  for  satisfying  this  need,  its  millimeter  wave  video 
performance  capabilities  have  been  largely  overlooked,  and  a research  effort 
in  this  area  is  necessary. 
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Josephson  junction  detectors  have  existed  for  more  than  a decade.  While 
the  extraordinary  versatility  of  the  devices  for  generating,  detecting,  and 
amplifying  millimeter  and  submillimeter  waves  have  been  demonstrated,  the 
devices  have  not  found  any  system  applications.  Millimeter  wave  astronomy 
can  be  viewed  as  a testing  ground  for  future  millimeter  radar  sensors  because 
the  receiver  requirements  of  high  sensitivity,  field  reliability,  and  large 
bandwidth  exist  in  both  areas.  There  are  isolated  cases  of  the  application  of 
Josephson  junctions  in  millimeter  wave  astronomy,  and  these  should  be 
followed  carefully  and  perhaps  even  supported  to  some  extent.  However,  until 
the  devices  demonstrate  superior  capabilities  in  this  field,  their  application  in 
radar  systems  remains  suspect. 


III.  VIDEO  AND  SUPERHETERODYNE  RECEIVER  PRINCIPLES 

A.  Comparison  of  Sensitivity  Capabilities  of  Superheterodyne 
Receivers  and  Video  Detectors  in  the  Millimeter  and 
Submillimeter 


Video  or  direct  detection  of  radiation  implies  a linear  rela- 
tionship between  output  voltage,  V , and  signal  power,  P ; that  is 

O O 


vs  = Rps 


(1) 


where  R is  the  detector  responsivitity  in  volts/watt.  By  mixing  the  signal  P 
with  a strong  local  oscillator  source,  P , in  a nonlinear  element,  a voltage 

lAi 

at  the  difference  frequency,  I v - v I , will  be  generated  equal  to 


V,.  = R 


(2PSPI.O> 


1/2 


(2) 


The  process  of  mixing  and  detection  at  an  intermediate  frequency  (IF)  is  known 
as  superheterodyne  detection. 

A comparison  of  Equations  ( 1)  and  (2)  indicates  the  advantage  that  can  be 
achieved  by  mixing  and  converting  local  oscillator  power  to  signal  voltage.  A 
quantitative  comparison  depends  on  analysis  of  the  significant  sources  of  noise 
in  the  frequency  region  of  interest.  Table  1 1 1 1 lists  the  noise  components 
that  have  to  be  considered  in  millimeter  and  submillimeter  wave  detection.  The 
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TABLE  1.  NOISE  SOURCES  FOR  MILLIMETER  AND 
SUBMILLIMETER  DETECTORS  I 1 I 


Noiae  s«iurce 

— 
rheoretiral  Value  (rma  V) 

Kemarka 

1 

Amplifier 

4V  •“Vx"''  l0'l'<TArKB>'  2 

2 

Johnaon  noiae  in  detector 

aV’.o.io-'Vr^B)1  2 

3 

Shot  noiae  in  detector  biaa  current 

av,"  Jrp-  5.7-  1 2rn 

< 

Fluctuation  in  local  oscillator 
power 

AVj  • H • APj  - K I 2(he  ij)BPj  1 * 2 

Annume*  that  optimum 

2 

value  for  p(  rr  I 

the  dr  taaHing  power 

& 

Fluctuation  in  algnaf  power 

An  •*  with  P(  replace*!  bv  P^, 

Normally.  P,.  <•  P 

f. 

Fluctuation  in  liackgr.Mind  radiation 
incident  on  the  detector 

-b  H 

,WkT[-^ 

when  * * hv  WT  <*•  1 

: 

fluctuation  in  the  component*  .if 

AV  K(2P  P,V  2 

Thla  aaaumea  both  aide- 

Imk  Aground  radiation  heating  with 

bund*  contribute,  i.e. , 

the  local  oaidlator 

where 

effective  laindwidth 

2hvB 

2B 

""  ,»-> 

2kTIi  when  a <<  1 

Note  - Symbol*  and  numerical  value#  Inr  Table  I are  given  an  follow* 


A • are  a of  receiving  aperture  of  detector  cryoctll  (cm2) 

half-anuN  •(  one  >k  Him*  fielded -view  of  detector  collection  optica  (rad) 
R post  detector  ».an<h*ulth  (lit) 

••  ■ electroni*  • tuii-ge  ( coulomb* ) 


<|u»ntun>  efficiency  of  de'ecU'i  dintenalonleaA  ratio) 
)i  Himk'i  conatant  (Jaeci 
I - biar  current  in  detector  (ampal 
k Boltzmann#  conatant  (.1  K) 
t • wavelength  (cm) 
a ■ frequency  ( Ha) 

A*  H V tandwidth  of  receiver  (Hr) 
local  oscillator  power  (Vt) 

Pj,  l»»er  (W) 

I*  ha<  kgiound  piwer  within  receiver  aideband*  (W) 
n 

H re»t»>iu»l  vity  of  ilrtei  tor  ( V TA  ) 
r^  real  a tatw  r of  detector  ( i) 
r^  equivalent  noiae  reaiatancr  of  amplifier  (ll) 

I ^ amplifier  temperature  (K) 

T detector  tempenturt  ( K ) 
f teiti|jerature  of  background  aeen  by  the  detector  ( k. ) 


*vaav.' 
AVTAV, 
AV(  AV 
AV, 


■I 


rm»  noiae  voltage*  at  output  of  detector  ( V) 


a he  kT  (dlnienalonleaa  quantity  ) 
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effect  of  a particular  noise  source  may  depend  on  whether  the  detector  is 
employed  in  the  video  or  superheterodyne  configuration.  For  example,  fluctua- 
tions in  background  radiation  incident  on  the  detector  produce  the  following 
noise  voltages- 

V , = R UT  ( 2B j A i')  1 2 (video  case) 

and 

1 /2 

V = R (4kTB  P _)  (superheterodyne  mode) 

N 2 1,0 


where 


A r = spectral  bandwidth  to  which  the  detector  responds 
post  detection  bandwidth  (typically  1 Hz) 

B.(  = bandwidth  of  the  IF  amplifier  in  the  superheterodyne  receiver 

R = detector  responsivity. 

Consider  a simple  example  which  illustrates  the  differences  between  video 
and  superheterodyne  detection.  Assume  that  the  dominant  noise  source  pro- 
duces the  same  noise  voltage,  V , for  both  cases  (e.g.,  amplifier  noise). 

N . -9 

A reasonable  value  for  amplifier  noise  voltage  is  V - 1 x ]0  V for  a 1 Hz 
bandwidth.  Also,let  the  detector  responsivity,R,be  lo'  V/W  and  the  optimum 
local  oscillator  power,  1>1  f),  be  10  '*  W.  The  minimum  power  detectable  by 
the  video  receiver  is  then  obtained  by  equating  Vs  to  V in  Kquation  (1)  giving 


P 


S 


w 


for  a 1 Hz  bandwidth  (video  receiver). 
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The  minimum  detectable  power  in  the  superheterodyne  case  is  given  by 


P„ 

S 


<V 


lt2l- 


LO 


-19 

10  \\ 


for  a 1 Hz  bandwidth  (superheterodyne  receiver).  Thus,  the  superheterodyne 
receiver  is  eight  orders  of  magnitude  more  sensitive  than  video  detection  for 

the  example  chosen1,  although  it  should  be  realized  that  simple  comparisons 
such  as  this  cannot  adequately  characterize  the  differences  that  exist  between 
superheterodyne  and  video  detection  systems. 

Because  of  their  much  greater  sensitivity  (and  complexity),  millimeter 
wave  superheterodyne  systems  have  received  more  attention  and,  as  a result, 
reliable  noise  figures  are  readily  available  in  the  open  literature  for  the  entire 
millimeter  region.  For  certain  video  detectors  (specifically,  Schottky  diodes 
and  point  contacts),  one  finds  considerable  variation  in  reported  sensitivities. 
This  problem  will  be  considered  in  detail  in  Section  IV. C. 

While  superheterodyne  detection  does  provide  a significant  advantage  for 
the  detection  of  weak,  narrowband  signals  which  occur  in  active  radar  receiver 
systems,  video  detection  ultimately  becomes  the  more  sensitive  method  for 
passive,  broadband  radiometry  measurements.  In  this  mode  of  operation  the 
signal  received,  P , is  proportional  to  the  bandwidth,  B,  since  the  source  acts 

as  a broadband  radiator  at  some  effective  temperature,  T^,  which  may  be 

greater  or  less  than  the  temperature  of  the  surrounding  environment,  T().  The 

signal  voltage,  V , is  then  directly  proportional  to  the  bandwidth  for  video 

radiometry  reception  but  proportional  only  to  the  square  root  of  the  bandwidth 
for  superheterodyne  detection,  as  a comparison  of  Equations  (1)  and  (2) 
indicates.  When  the  correct  dependence  of  noise  voltage  on  bandwidth  is 
accounted  for,  it  can  be  shown  that  the  minimum  detectable  temperature 

1 9 

differential,  iT^,  is  proportional  to  I B for  video  radiometry  and  1/B 

for  superheterodyne  radiometry  [2|.  Thus,  for  a sufficiently  wide  bandwidth, 
video  detection  becomes  more  sensitive.  Figure  1 shows  a comparison  of 
video  and  superheterodyne  millimeter  wave  radiometers  in  terms  of  AT 

min 


The  values  of  It  and  P ar.e  roughly  those  appropriate  to  Schottky- 
barrier  diodes  in  the  millimeter. 
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MINIMUM  DETECTABLE  TEMPERATURE  DIFFERENTIAL  JkT 


PREDETECTION  BANDWIDTH 


Figure  1.  Comparison  of  long-wavelength  heterodyne  and  direct- 
detection  radiometers  (he  s kT;  post-detection  integration 
time  1 sec)  [ 2 1 . 
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B.  Sensitivity  Limit  of  Superheterodyne  Systems  and  Receiver 
Noise  Figure 

Table  1,  which  lists  all  the  principal  sources  of  noise  for 
millimeter  and  submillimeter  wave  detectors,  indicates  the  fundamental  limita- 
tions to  detector  sensitivity.  For  a superheterodyne  system,  the  ultimate  limit 
occurs  when  the  fluctuation  in  the  components  of  background  radiation  beating 
with  the  local  oscillator  (item  7)  is  the  dominant  noise  source.  For  this  case 
the  noise  voltage  is 


V 


B 


= R (4kTBPi  o)1  2 


(••s) 


where  B is  the  bandwidth  of  the  IF  amplifier.  Equating  to  the  signal  voltage 
for  a superheterodyne  receiver, 


V„  = R 


<2psplo> 


1 2 


one  obtains, 


<ps>ml„ 


= 2 BUT 


(4) 


The  factor  of  two  arises  from  components  of  the  background  radiation  centered 
at  the  signal  frequency,  and  the  "image  frequency,"  (2v  - u ) , each  of 

which  mix  with  the  local  oscillator  frequency,  v , to  produce  noise  at  the 

same  intermediate  frequency,  v = | v - v |.  Unless  the  receiver  is 

1 r S LO 

capable  of  rejecting  the  image  frequency,  this  noise  component  will  be  present. 
For  a radar  receiver,  in  contrast  to  a radiometer,  there  will  not  be  any  signal 
at  (2i^  - u^),  only  noise.  The  sensitivity  of  millimeter  wave  superhetero- 

dyne receivers  is  generally  measured  using  a radiometer  technique  (i.e.,  the 
signal-to-noise  ratio  for  a standard  blackbody  source  is  determined).  If  this 
receiver  is  now  used  in  a radar  system,  the  signal-to-noise  ratio  will  be 
degraded  by  a factor  of  2 (3  dB).  For  these  reasons  it  is  necessary  to 
specify  both  the  sensitivity  of  the  receiver  and  the  mode  of  operation,  i.e. , 
double  sideband  (radiometer)  or  single  sideband  (radar),  when  quoting  a 
system  performance  figure. 
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Equation  (4)  gives  the  sensitivity  limit  of  an  ideal  (i.e. , one  which 
gener  ites  no  internal  noise)  superheterodyne  receiver.  At  the  reference 

temperature  of  290  K,  (P  ) = 4 x 10  W Hz.  The  effective  bandwidth. 

S' min  ’ 

here,  is  b = 2B.  The  additional  noise  contributed  by  the  receiver  is  defined  as 

the  receiver  noise  temperature,  T . The  receiver  noise  figure,  F,  is  then 

defined  by 


T + 290  T^ 

FN  _ 290  = 290  + 1 

Thus,  the  receiver  noise  figure,  F,  represents  the  ratio  of  an  actual  receiver’s 
NEP  to  the  ideal  NET’.  It  is  usually  expressed  in  decibel;  i.e., 


T . 

F„  <<®>  - * 1 


Several  types  of  detectors  have  been  successfully  employed  as  mixers  in 
millimeter  wave  superheterodyne  receivers.  The  most  promising  are  room 
temperature  GaAs  and  silicon  Schottky  diodes,  GaAs,  silicon  and  germanium 
point  contact  detectors,  Josephson  junctions,  and  InSb  photoconductors. 

The  performance  characteristics  of  these  detectors  will  be  reviewed. 


IV.  SCHOTTKY  BARRIER  DIODES 

A.  Introduction 

The  Schottky-barrier  diode  is  the  most  widely  used  mixer 
element  in  state-of-the-art  millimeter  superheterodyne  receivers.  Its  use, 
which  has  progressed  to  the  millimeter  region  over  the  past  decade  (:i,4|  , 
has  been  extended  to  submillimeter  wavelengths  by  Fetter  man  et  al.  [ 5,  G | , 
who  measured  the  heterodyne  and  video  detection  and  harmonic  mixing 
capabilities  of  low-capacitance  small-contact-area  GaAs  Schottky  diodes 
between  .too  and  :;<)()()  GHz.  The  results  indicated  a heterodyne  and  video 
sensitivity  superior  to  the  point  contact  detector,  and  opened  up  the  possibility 
of  a number  of  submillimeter  measurements  in  radio  astronomy,  plasma  diag- 
nostics [7J,  and  imaging  radars  [8|,  which  require  receivers  having  both  high 
speed  (large  bandwidth)  and  high  sensitivity.  Extension  of  Schottky  diode  detec- 
tion to  even  higher  frequencies  has  been  reported  very  recently  by  MeColl  and 
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Hodges  [9,  10 1 . Using  electron  lithographic  techniques  they  fabricated  0.5g 
diameter  GaAs  Schottky  diodes  and  detected  radiation  at  frequencies  up  to 
7200  GHz  (42  a).  However,  sensitivity  at  the  highest  frequencies  is  rather 

-5  ] 2 

poor;  the  video  NEP  is  approximately  1 x 10  W/(Hz)  at  42  g,  indicating 
that  further  technological  advances  are  required  to  produce  efficient  Schottky 
diode  detectors  in  this  region. 

The  point  contact  detector,  which  can  be  viewed  as  a first  generation 
Schottky-barrier  diode,  is  no  longer  competitive.  In  the  point  contact  the 
metal  whisker  is  forced  to  play  two  roles;  its  tip  forms  the  junction  and  the 
whisker  completes  the  circuit.  The  Schottky  diode  separates  these  incompatible 
tasks,  and  the  result  is  a more  rugged,  reliable,  and  reproducible  detector. 

With  the  advance  of  microelectronic  technology,  the  diode  junction  area  has 
been  reduced  to  the  point  where  junction  capacitances,  C.,  are  typically  tens 

-15  J 

of  femtofarads  (1  femtofarard  = 10  farads).  With  diode  series  resistance, 
H^.,  in  the  range  of  10  u,  the  detector  cut-off  frequency,  uj ^ , defined  by 

1 

< a'c  “ It  C. 

s 1 

is  approaching  10,000  GHz  111/.  Consequently,  over  the  entire  millimeter 
region  at  least,  and  perhaps  into  the  submillimeter  as  well,  one  can  anticipate 
virtually  no  fall-off  in  GaAs  Schottky  diode  performance  resulting  from  the 
detector's  inherent  speed  of  response.  Problems  do  exist,  however,  in 
coupling  radiation  into  the  diode  because  of  its  small  size  and  the  difficulties 
in  extending  conventional  waveguide  techniques  to  wavelengths  near  and  beyond 
1 mm. 

The  structure  of  a Schottky-barrier  diode  designed  for  millimeter  wave 
detection  is  shown  in  Figure  2.  GaAs  is  the  most  commonly  used  semiconductor 
material  because  its  higher  mobility  leads  to  a high  cut-off  frequency.  Silicon 
is  also  used,  and  it  is  claimed  that  the  ability  to  prepare  silicon  substrates  with 

’ much  higher  doping  densities  ( 10^°  cm  * versus  IQ18  cm  * for  GaAs)  com- 

pensates for  its  lower  mobility  ( 1 2 1 . However,  experimental  results  to  date 
favor  GaAs  Schottky's. 
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Figure  2.  Top-  Structure  of  the  millimeter  wave -contacted 
Schottky-barrier  diode.  The  metal-semiconductor 
contact  area  is  delineated  photo-lithograph ically  or 
electron-1  ithographically.  Bottom:  Micrograph  of  a 
typical  diode  array,  one  diode  of  which  is  being  contacted 
by  means  of  an  etched  wire  under  compression.  Cold 
bonding  between  the  wire  and  the  diode  metallization 
can  be  made  to  occur  during  packaging,  making  the 
device  quite  rugged  (adapted  from  Reference  12). 
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B.  Schottky-Barrier  Diode  Superheterodyne  Receiver  Systems 

During  the  past  few  years  considerable  progress  has  been 
made  in  improving  millimeter  wave  superheterodyne  receiver  noise  figures 
and  a good  beginning  lias  been  made  in  developing  similar  systems  for  sub- 
millimeter wavelengths.  Most  of  these  receivers  use  Schottky-barrier  diode 
detectors  as  mixers,  particularly  GaAs  Schottky's.  Excellent  performance 
has  recently  been  achieved  at  140  GHz  (13),  170  GHz  1 14| , 230  GHz  1 15, 1G| , 
and  very  recently  at  325  GHz.  ^ It  is  interesting  to  note  that  millimeter 
wave  superheterodyne  receivers  were  operating  in  the  atmospheric  windows 
at  140  GHz  and  230  GHz  as  far  back  as  19G3  [1 .')  with  respectable  noise  figures 
[20  and  20  dB,  respectively!,  and  by  I960  a system  was  operating  at  600  GHz 
with  a noise  figure  of  33  dB  [18], 

!n  general,  millimeter  wave  superheterodyne  receivers  have  utilized 
fundamental  mode  waveguide  and  conventional  waveguide  techniques,  although 
the  trend  at  frequencies  above  140  GHz  is  to  employ  quasi-optical  components 
[19,  20 1 . For  example,  Erickson  employs  an  optical  diplexer  for  efficiently 
coupling  the  signal  and  local  oscillator  into  the  mixer  at  325  GHz.  Other 
techniques  which  are  being  pursued  include  (l)  diodes  with  antennas  and  diode 
ari’ays  (see  Section  IV.D)  and  (2)  millimeter  wave  integrated  circuits  [17). 

The  most  promising  alternatives  to  room  temperature  Sehottky  diodes  for 
use  as  mixer  elements  are  Josephson  junctions  [ 23 1 (Section  V.C)  and  InSb 
photoconductors  [24, 25|  (Section  VI.  F),  both  of  which  require  liquid  helium 
temperature  for  operation.  Other  potential  superheterodyne  detectors  are: 

I nSb  Sehottky  diodes  [26[,  superconductor-semiconductor  (super-Schottky) 
diodes  [ 27 1 , pyroelectric  detectors  [28,  29,  30] , novel  photoconductive 
systems  such  as  the  silicon  negative  donor  ion  detector  [31| , and  metal-oxide- 
metal  detectors  [32,  33 1 . None  of  these  detectors  have  been  utilized  in  milli- 
meter or  submillimeter  superheterodyne  receiver  systems  and,  thus,  there  are 
no  real  performance  data  for  them.  The  physics  relevant  to  the  operation  of 
these  detectors  and,  where  data  are  available,  their  direct  detection  capabilities 
in  the  millimeter  and  submillimeter  are  reviewed  in  later  sections  of  this 
report. 

Table  2 summarizes  the  present  status  of  millimeter  and  submillimeter 
wave  superheterodyne  receivers.  Noise  figures  arc  quoted  for  complete 
packaged  systems  advertised  for  sale  in  trade  journals  (Hughes  receivers  at 
94  and  140  GHz),  as  well  as  first  generation  laboratory  receivers  using 
optically  pumped  submillimeter  wave  lasers  as  local  oscillators  (Fetterman’s 
results  at  000  GHz).  Table  2,  although  by  no  means  complete,  indicates  the 


Neal  R.  Erickson,  Department  of  Physics,  University  of  California 
at  Berkeley,  private  communication. 
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TABLE  2.  NOISE  FIGURES  FOR  MILLIMETER  AND  SUBMILLIMETER  WAVE 
SUPERHETERODYNE  RECEIVERS 


intense  seientifie  activity  in  this  field.  The  rapid  progress  being  made  is 
exemplified  by  the  results  of  Schneider  and  Wrixon  1 151 . Their  noise  figure 
at  250  GHz  is  7 dll  below  that  of  the  140  GIIz  receiver  recently  designed  for 
the  Army  Ballistic  Research  Laboratories'  beamrider  experiments.  Further- 
more, it  is  now  generally  believed  that  for  Schottky  diode  systems  operating 
above  about  150  GHz,  noise  figures  are  degraded  by  limitations  in  available 
local  oscillator  power  [13,  15).  The  local  oscillator  power  necessary  to 
optimize  the  receiver  sensitivity  is  a function  of  coupling  efficiency,  which 
falls  off  rapidly  at  the  higher  frequencies.  The  actual  1.0  power  required 
at  the  diode  appears  to  be  in  excess  of  several  milliwatts.  Wrixon  | 1 3 1 found 
that  the  1.0  power  was  insufficient  because  there  was  a 1 3 dB  loss  through  the 
coupling  cavity  using  a ,45  mW  klystron  at  175  GHz.  Schneider  and  Wrixon  [ 1 5 1 
use  a doubled  150  mW,  1 15  GHz  klystron  as  the  1.0  for  their  240  GHz  receiver. 
They  estimate  that  their  doubler  has  an  efficiency  of  5 to  4 fT  , and  measure  a 
rectified  current  of  2.5  mA  with  the  mixer  detector  directly  at  the  output  of 

the  multiplier.  '*  On  the  basis  of  previous  measurements  with  mixers  at  140  GHz, 
they  believe  2.5  mA  of  rectified  LO  signal  is  sufficient  to  minimize  receiver 
noise  figure.  Thus,  it  would  appear  that  approximately  5 mW  of  LO  power  at 
the  detector  is  required  to  optimize  millimeter  wave  Schottky-barrier  diode 
mixers.  Improvements  in  receiver  design,  increased  efforts  in  developing 
compact  and  stable  LO  sources  in  the  150  to  300  GHz  region,  and/or  more 
efficient  millimeter  wave  doublers  and  triplers  [ 35 1 should  enable  this  power 
level  to  be  reached  in  the  near  future.  At  present,  however,  this  power  require- 
ment is  one  disadvantage  of  Schottky  diodes  relative  to  the  helium-cooled 
Josephson  junctions  or  InSb  photoconductors  for  superheterodyne  receivers 
operating  above  approximately  150  GHz.  The  cooled  detectors  are  optimized, 

as  mixers,  at  LO  power  levels  of  10  7 to  10-<>  W (see  Sections  V.C  and  VI.  F). 

A new  technique  known  as  subharmonic  mixing  [ 36—  39 ) appears  promising, 
based  on  results  obtained  in  the  50  to  00  GHz  region.  Subharmonic  mixing, 
which  uses  a pair  of  diodes  in  an  antiparallel  configuration,  is  a sophisticated 
modification  of  the  more  conventional  harmonic  mixing  technique.  The 
advantages  claimed  [56]  for  this  configuration  are: 

1)  Reduced  conversion  loss  by  supressing  the  fundamental  mixing 
products. 

2)  Lower  noise  figure  through  supression  of  local  oscillator  noise 
sidebands. 


ofter  inserting  their  coupling  cavity,  which  had  a 7 dB  transmission 
loss,  the  rectified  current  fell  to  0.4  mA,  and  they  estimate  that  the  then 
inadequate  LO  power  adds  5 dB  to  the  250  GHz  receiver  noise  figure. 
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:s)  Supression  of  video  detection. 

4)  Inherent  self-protection  against  large  peak  inverse  voltage  burnout. 

Millimeter  wave  receivers  using  the  subharmonic  mixing  technique  arc  currently 
under  development  at  a number  of  laboratories,  including  Hughes  Aircraft. 

Some  effort  has  been  directed  at  improving  the  performance  of  Schottky 
diode  mixers  by  cooling.  Under  most  conditions,  the  principal  source  of  noise 
from  a dc-biased  Sehottky-barrier  is  shot  noise.  In  that  case,  the  shot  noise 
power  is 


SN 


= iq'K  b 


where 

q = electronic  charge 

I diode  current 

R variable  diode  resistance 
x 


II  bandwidth. 


For  a diode  at  room  temperature,  the  I-V  characteristic  can  be  written  as 


v/vo 

I I , e . Assuming  that  thermionic  emission  is  the  dominant  conduction 
mechanism,  the  constant  V is  approximately 


V 


0 


kT 

q 


Therefore, 


R = 
x 


I 


hi 

qi 
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and  consequently, 


PSN  = I kTB 


kT  B 
eq 


where  is  the  equivalent  noise  temperature  of  the  diode.  Thus,  the  noise 

power  should  decrease  linearly  with  temperature.  This  will  occur  until  the 
temperature  is  reduced  to  the  level  where  field-emission  dominates,  at  which 
point  Vq  and  P become  temperature  independent.  Actually,  field  emission 


contributes  somewhat  to  conduction  even  at  room  temperature.  Experimentally, 
what  has  been  observed  is  a reduction  in  noise  power  of  a factor  of  2.  5 upon 
cooling  the  mixer  from  290  K to  77  K and  no  further  reduction  in  cooling  to 
18  K | 34) , which  is  in  reasonable  agreement  with  the  preceding  arguments. 

The  magnitude  of  the  gain  obtained  by  cooling  appears  to  be  inadequate  to 
warrant  its  application  to  field  radar  systems. 


In  conclusion,  one  can  expect  continued  pi'ogress  in  the  near  future  for 
room  temperature,  millimeter  wave  Schottky  diode  superheterodyne  systems 
operating  up  to  and  beyond  300  GHz  as  diode  fabrication  techniques,  local 
oscillators,  and  receiver  designs  are  improved. 


C.  Schottky-Barrier  Diode  Video  Detectors 

A comparison  of  Equations  (1)  and  (2)  indicate  that  good 
mixers  are  good  video  detectors  because  the  same  detector  responsitivity,  R, 
determines  mixer  and  video  detector  performance.  For  applications  where 
fast  response  is  not  required,  thermal  detectors  are  useful  and  are  widely 
employed  as  video  receivers,  whereas  these  same  detectors  would  rarely  be 
found  in  superheterodyne  receivers  because  of  their  restricted  bandwidth. 

The  ideal  millimeter  wave  detector  would  have  a fast  response,  high  sensitivity, 
and  operate  at  room  temperature  and  would,  thus,  be  equally  suitable  for 
video  or  superheterodyne  reception.  At  the  present  time,  such  a detector  does 
not  exist,  and  one  is  forced  to  trade  off  high  responsivity  for  fast  response. 
However,  progress  in  fabrication  of  millimeter  wave  Schottky  diode  detectors 
over  the  past  decade  has  made  this  detector  the  most  promising  of  the 
alternatives. 

Figure  3 compares  the  state-of-the-art  in  diode  performance  in  1967  [ 40 1 
with  that  at  the  present  time.  The  present  day  results  are  based  on  an  estimate 
from  conversations  with  individuals  intimately  connected  with  millimeter  wave 
Schottky  diode  development  rather  than  published  data  and,  as  such,  are  prob- 
ably uncertain  by  approximately  a factor  of  5.  Nonetheless,  the  trend  is  unmis- 
takable, i.e. , an  order  of  magnitude  increase  in  the  high  frequency  cut-off. 


A 
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Figure  .'S.  Tangential  sensitivity  versus  signal  frequency  for 
good-quality  detector  diodes  in  1967  [ 40 J and  1977  (estimated). 


The  most  common  method  of  characterizing  a video  detector's  sensitivity 
is  to  give  its  tangential  sensitivity.  The  tangential  sensitivity  of  a detector  is 
essentially  defined  as  the  signal  power  required  to  generate  a "reasonable” 
signal-to-noise  ratio  on  a video  display.  The  definition  of  reasonable  is  made 
semi -quantitative  by  specifying  that  the  tangential  sensitivity  is  that  power  level 
at  which  the  highest  noise  peaks  in  the  absence  of  a signal  are  at  the  same  level 
as  the  noise  peaks  in  the  presence  of  the  signal  ( Figure  4) . A tangential 
sensitivity  rating  coi'responds  to  a signal-to-noise  ratio  of  approximately  2.5. 
Further,  tangential  sensitivity  is  usually  defined  for  a particular .bandwidth 

1 /2 

appropriate  to  the  video  amplifier  employed.  To  convert  to  NEP  in  W (Hz)  , 
the  common  definition  of  detector  sensitivity  in  the  optical  and  infrared,  we  have 


tangential  sensitivity 
2.5  (B) 1 2 


NEP 


since  video  detector  noise  power  increases  as  the  square  root  of  the  bandwidth. 
Referring  to  Figure  .'i,  the  present  GaAs  Schottky  diode  provides  a tangential 
sensitivity  of  approximately  -55  dBm  in  a 1 MHz  bandwidth  at  140  GHz.  The 
NEP  is,  therefore 


-12 


NEP  1.6x10  W/(Hz) 


1/2 
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Figure  4.  Tangential -sensitivity  measurement 
visual  display  |40|. 


In  contrast  to  the  large  number  of  articles  on  millimeter  wave  superheterodyne 
receivers  using  Schottky  diodes,  there  is  almost  no  literature  on  the  video  per- 
formance of  these  detectors.  A recent  article  in  Microwaves  [41]  quotes  an 

_]  •}  1 2 

NEP  of  4.5  10  ' W/(Hz)  , but  no  reference  is  given  nor  is  the  frequency 

specified.  Generally,  until  a year  ago,  NEP's  quoted  in  the  literature  were  in 


-9 


•10 


1/2 


the  range  of  10  " to  10  ' W/(Hz) " 1 4 2 1 . However,  there  are  isolated 

reports  of  higher  sensitivities.  In  1900,  Bauer  et  al.  [43J  quoted  an  NEP  of 


-12 

10  W 


2 at.  280  GIlz  and  1.0  x 10~12  W 


(Hz)  ' 2 at  140  GHz  for 


5 x Hi  W / (Hz) 

rf' silicon-tungsten  point  contact  detector.  Apparently,  the  very  best  point 
contact  detectors  are  (for  a short  time  at  least)  comparable  in  sensitivity  to 
Schottky  diodes.  Part  of  the  progress  of  the  past  10  years  has  been  to  develop 
a reproducible  and  rugged  version  of  the  best  point  contacts. 


In  view'  of  the  simplicity  of  operation  of  video  Schottky  diodes,  a number 
of  applications  in  the  millimeter  region  can  be  foreseen.  Therefore,  it  would 
be  very  useful  to  have  a complete,  detailed  study  of  the  NEP  of  these  detectors 
over  the  entire  millimeter  and  submillimeter  wavelength  range. 


D.  Planar  Schottky-Barrier  Diode  Detectors 

Relative  to  point  contact  detectors,  considerable  improvement 
in  performance,  reliability,  and  ruggedness  has  been  obtained  by  using  micro- 
electronic technology  to  fabricate  Schottky  diode  detectors.  However,  while 
the  etched  whisker  is  no  longer  part  of  the  junction,  it  still  must  be  formed  into 
a mechanically  stable  shape,  which  also  serves  as  a high  frequency  antenna, 
and  then  be  attached  to  the  diode.  In  contrast  to  the  diode  fabrication,  this 
process  remains  relatively  unautomated  and  time  consuming,  and  the  ability 
of  the  thin  whisker  to  survive  unaffected  in  a high-g,  high  vibration  environment 
is  questionable. 
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One  promising  approach  to  overcoming  these  difficulties  has  been  the 
fabrication  of  small,  planar,  surface-oriented  Schottky  diodes  in  which  both 
terminals  of  the  rectifying  junction  lie  on  the  same  surface  of  the  semiconductor 
wafer.  Devices  with  this  topography,  which  can  detect  and  mix  at  millimeter 
and  submillimeter  wavelengths,  have  recently  been  developed  by  Murphy  et  al. 
[44 1 . Mixing  of  the  S2nd  harmonic  of  an  X-band  kylstron  with  a submillimeter 
laser  has  been  observed  in  these  devices,  and  direct  detection  capability  at 
frequencies  up  to  250U  GHz  ( IlHp)  has  been  demonstrated.*  At  this  early  stage 
of  development,  the  planar  diodes  are  roughly  an  order  of  magnitude  less  sen- 
sitive than  conventional  Schottky's  designed  for  the  millimeter  and  submillimeter 
wavelength  range,  but  one  can  anticipate  improvements  in  sensitivity  as  the 
planar  diode  design  is  optimized.  Furthermore,  their  simplified  geometry 
may  allow  them  to  be  designed  into  configurations  totally  different  from  con- 
ventional Schottky's.  A scanning  electron  micrograph  and  a schematic  of  this 
device  are  shown  in  Figure  5. 

The  planar  topography  of  these  devices  suggests  a number  of  applications. 
Figure  (>  shows  an  array  of  planar  diodes  on  a single  GaAs  wafer.  These  diodes 
can  be  individually  contacted  and  signals  reaching  them  processed  electronically 
in  a number  of  ways.  This  could  provide  a method  of  efficient  coupling  to  the 
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Figure  5.  Top:  Scanning  electron  micrograph  showing  2 pm  diode 
( small  dot  in  center) , ohmic  contact  establishing  connection  to 
n!  layer  of  diode,  and  two  metal  strip  contacts.  Bottom: 

Planar  diode  as  fabricated  by  growth  of  n-n+  epitaxial  layers 
on  a high-resistivity  GaAs  substrate  [44  |. 


Si.  k.  Fetterman,  MIT,  Lincoln  Laboratory,  private  communication. 
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Figure  (i.  An  array  of  planar  diodes  on  a GaAs  wafer.  The  diode 
is  located  at  the  tip  of  the  arrow-shaped  printed  wire  and  has  a 
diameter  of  approximately  2 pm. 
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free  space  radiation  mode  or,  possibly,  the  detector  array  for  a millimeter 
wave  imaging  system.  Another  potential  application  for  these  devices  is 
indicated  by  Figure  7 which  shows  a micrograph  of  four  planar  diodes  on  a 
< '.a As  wafer.  The  whiskers  on  the  elements  are  fabricated  to  dimensions 
corresponding  to  a half  wavelength  for  four  different  submillimeter  laser 
sources  to  provide  an  antenna  structure  for  efficient  radiation  coupling  into 
the  junction.  The  leads  at  right  angles  to  the  antenna  and  the  rectangular  pads 
are  designed  (for  mixer  applications)  to  present  a high  impedance  to  the  signal 
and  a low  impedance  to  the  IF  frequency.  Polarization  selectivity  is  another 
possible  application  suggested  by  Figure  7.  These  concepts  are  still  in  the 
early  research  stage  and  data  are  not  yet  available. 


V.  JOSEPHSON  JUNCTION  DETECTORS 

A.  Introduction 

A number  of  unusual  effects,  w'hich  can  be  utilized  for  the 
detection  of  millimeter  wave  radiation,  occur  when  current  flows  through  a 
barrier  between  tw-o  superconductors.  The  phenomena,  predicted  by  Josephson 
1 45 1 , result  from  the  phase  difference,  6b  , between  the  wave  functions  for 
paired  electrons  which  describe  the  macroscopic  superconducting  quantum 
states  on  each  side  of  the  junction.  Figure  Ha  is  an  example  of  the  design  of  a 
simple  Josephson  point  contact  junction.  The  oxide  barrier  between  the 
niobium  tip  and  w ire  is  typically  10  to  20  A . Other  types  of  Josephson  junctions 
which  are  currently  under  study  are  the  superconductor-insulator-superconductor 
(SIS)  thin-film  junction  and  the  superconductor-normal  metal-superconductor 
( SNS)  junction,  both  of  which  can  be  fabricated  with  planar  integrated  technology. 
The  geometry  of  these  devices  is  shown  in  Figure  8b.  While  the  latter  devices 
hold  promise  for  solving  many  of  the  problems  associated  with  Josephson 
junction  point  contact  detectors  (namely,  fragility,  sensitivity  to  vibration  and 
electrical  noise,  variation  in  operating  characteristics  from  detector  to 
detector,  and  degradation  in  performance  after  thermal  recycling),  up  to  the 
present  time  the  point  contact  Josephson  junction  is  the  only  type  that  has  been 
used  successfully  as  a detector  of  millimeter  wave  radiation.  In  contrast  to 
the  (SIS)  and  (SNS)  junctions,  the  point  contact  has  a relatively  high  impedance 
(ten  to  several  hundred  ohms),  which  couples  well  to  the  radiation  field,  and  a 
junction  capacitance  small  enough  to  allow  the  detector  to  respond  to  frequencies 
as  high  as  1000  GHz  (47J . 

Figures  0 and  10  show  the  idealized  I-V  curves  of  a typical  (joint  contact 
Josephson  junction  without  dc  and  with  ac  ex[X)Sure  to  microwave  radiation. 

The  striking  differences  between  the  ac  and  dc  curves  suggest  the  unique 
potential  of  the  Josephson  junction  for  millimeter  wave  technology  — as  a 
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Figure  7.  An  array  of  four  planar  diodes.  The  vertical  printed  wires  have  been  dimensioned  to 
correspond  to  a half  wavelength  for  four  different  submillimeter  laser  sources  to  provide 
an  antenna  structure  for  coupling  radiation  into  the  junction. 


SUPERCONDUCTING  WEAK  LINKS 


Figure  8.  Top:  Point  contact  between  two  superconductor  s. 
Bottom-  Sandwich  junction  in  which  the  barrier  may  be 
10  to  :i0  A of  insulating  oxide  (SIS)  or  several  thousand 
angstroms  of  a normal  metal  (SNS)  [4(>J. 


Figure  9.  Current-voltage  curve  for  an  Nb-Nb  point  contact 
Josephson  junction  at  4.  2 K 148|. 

sensitive,  broadband,  and  high-speed  video  detector  148|,  as  the  mixer 
element  in  a heterodyne  receiver  1 49 J , a voltage  tunable  narrowband  detector 
(50),  a parametric  amplifier  | 5 1 , 52 1 , and  even  a millimeter  and  submillimeter 
source  [53|,  Unfortunately,  while  all  of  these  capabilities  have  been  demon- 
strated in  principle  during  the  past  decade,  there  are  at  the  present  time 
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Figure  10.  I-V  curve  for  an  In-In  point  contact  Josephson  junction 

-9 

in  the  presence  of  10  W of  radiation  at  150  GHz  [48). 

virtually  no  millimeter  or  submillimeter  wave  systems  which  use  Josephson 
5 

junctions.  This  situation  is  almost  certainly  not  due  to  the  difficulties  asso- 
ciated with  operating  at  temperatures  near  absolute  zero  since  other  low  tem- 
perature devices  [e.g. , masers,  bolometers,  and  photoconducting  far  infrared 
detectors  (doped  germanium,  InSb,  and  GaAs)  | are  widely  used  in  systems 
requiring  high  sensitivity.  Presumably,  Josephson  junctions  have  not  been 
incorporated  into  millimeter  wave  systems  because  the  problems  of  reliability 
and  reproducibility  have  not  been  solved,  and  one  must  take  this  into  account 
when  comparing  reported  noise  figures  and  noise  equivalent  powers  of  Josephson 
junctions  with  competing  detectors. 

B.  Josephson  Junctions  — Video  Detector  Performance 

The  current-voltage  curve  for  a Josephson  junction  biased 
with  a de  voltage  is  shown  in  Figure  9.  The  resistance  of  the  junction  is  zero 
for  currents  less  than  I(),  the  maximum  zero  voltage  current.  For  I < I(|  only 


One  notable  exception  is  the  recent  development  by  Edrich  1 29)  of  a 
515  GHz  Josephson  junction  receiver,  with  a double  sideband  system  noise 
temperature  of  1520  K.  This  system  is  planned  for  installation  on  the  56-foot 
radio-telescope  of  the  National  Radio  Astronomy  Observatory  in  Tucson, 
Arizona,  within  the  next  2 years. 
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supercurrents  flow  (i.e. , electron  pairs).  For  I I there  is  a transition  to 

normal  resistance,  and  both  normal  currents  and  supercurrents  flow.  The 
effect  on  the  junction  of  an  incident  electromagnetic  field  is  quite  complex,  as 
Figure  10  indicates.  For  broadband  video  detection  applications,  the  important 
point  is  that  the  applied  radiation  reduces  the  maximum  zero  voltage  current 
and,  thus,  by  biasing  the  junction  with  a constant  current  source  at  a value  just 
above  1(|,  a voltage  proportional  to  the  incident  field  intensity  is  generated 

( Figure  11) . 

Figure  12  shows  the  broadband  millimeter  wave  response  of  a Nb-Nb 
Josephson  junction  point  contact  detector  [ 47]  at  4.2  K.  This  is  not  a detector 
response  curve  but  a system  response,  which  includes  detector,  blackbody 
source,  and  interferometer.  However,  the  high  frequency  cut-off  at  approxi- 
mately 500  GHz  is  a detector  characteristic.  Ignoring  the  large  peaks  in  the 
responsivity  between  100  and  200  GHz,  the  envelope  of  the  curve  is  relatively 
flat  to  500  GHz.  As  a rough  approximation,  one  can  assume  that  the  source 
energy  increases  as  the  square  of  the  frequency  in  this  region  and  that  the 
interferometer  has  a flat  response.  Thus,  the  detector  responsivity  is  generally 
2 

varying  as  1 v , probably  as  a result  of  the  decreasing  impedance  presented  to  the 
radiation  by  the  junction  capacitance.  Blaney  [47]  notes  that,  "the  response 
curve  does  not  represent  all  Nb-Nb  junctions  operating  at  4.2  K."  That  is,  the 
frequency  dependence  of  the  responsivity  of  Josephson  junction  point  contacts 
is  not  understood  at  present.  Despite  these  uncertainties,  the  best  sensitivity 
figures  for  Josephson  junction  millimeter  wave  detectors  are  impressive.  The 
results  given  in  Table  3 indicate  that  the  best  Josephson  junctions  have  an 
NKP  at  least  as  low  as  the  best  cooled  bolometers  for  wavelengths  of  1 mm  and 
longer  and,  being  fast,  have  a much  greater  bandwidth  capability. 


Figure  1 1.  Schematic  l-V  curve  showing  how  applied  radiation  changes 
the  zero  voltage  current,  so  that  a chopping  beam  results  in  a 
modulated  voltage.  In  the  absence  of  radiation  the  lull  curve  is 
observed,  but  the  application  of  radiation  reduces  the  maximum 
zero  voltage  current  and  shifts  the  curve  to  the  dashed  position. 

A constant  current  external  source  sets  the  operation  at  a point 
of  high  slope  [64 1 . 
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Figure  12.  Variation  with  frequency  of  the  response  (in  arbitrary 
linear  units)  of  an  Nb-Nb  point  contact  to  radiation  from  a 
mercury  discharge  lamp  as  measured  by  a lamellar  grating 
interferometer.  Nominal  resolving  power,  7.  5 GHz; 
junction  temperature,  4.2  K;  constant  current  bias  giving 
a nominal  dc  voltage  of  50  gV  (Josephson  frequency  24  GHz); 
maximum  signal  level,  y V;  and  post-detection  time- 
constant,  1 sec  [ 47 1 . 

C.  Josephson  Junctions  — Superheterodyne  Receiver  Performance 

When  a Josephson  junction  is  biased  with  electromagnetic 
radiation,  an  exceedingly  complex  nonlinearity  is  developed  between  current 
and  voltage,  i. e. , 


I(t)  = I sin  j V(t')  dt' 

C 0 


where  1^  is  the  maximum  zero  voltage  current  in  the  absence  of  radiation. 

This  nonlinearity  can  be  utilized  in  the  development  of  millimeter  wave  Josephson 
junction  mixers.  The  Berkley  group  of  Taur  et  al.  1 49  J , has  reported  noise 
figure  measurements  at  20  GHz  using  a point  contact  Josephson  junction  as  a 
mixer.  Ranter  | 54 1 at  Aerospace  has  made  similar  measurements  at  95  GHz 
and  Fdrich  |22|  recently  reported  results  at  200  GHz.  The  latter  results 
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TABLE  :i.  SOME  VIDEO  DETECTION  PROPERTIES  OF  POINT 
CONTACT  JOSEPIISON  DETECTORS  | 47  | 


Property 

Performance 

Operating  temperature 

below  - 10  K 

Frequency  range 

up  to  ~ 1 THz  (0.3  mm) 

Radiation  power  level 

_ -K 

<10  W (at  A = mm) 

Responsivity 

5 - 1 

up  to  10  V W (at  A = 3 mm) 

Noise  equivalent  power 

- 1 5 -12 

5x  10  W(Hz)  (at  \ = 3 mm) 

( best  achieved) 

10  1 * W (Hz)  ' “ (at  A = 2 mm) 

5 x ]0  11  U (Hz)  1 (at  A = 1 mm) 

Response  time 

-8 

< 10  sec  (direct  measurement) 

< 10  sec  (inferred  from 

mixing  experiment) 

are  contained  in  Table  2,  the  summary  of  state-of-the-art  noise  figures  for 
millimeter  wave  superheterodyne  receivers. 

Ranter's  conclusion  is  that  both  the  noise  figure  and  frequency  dependence 

of  Josephson  junctions  are  comparable  to  that  of  cooled  Schottky  diodes,  and, 
therefore,  they  do  not  offer  any  advantage  over  Schottky's  when  used  as  mixers. 
His  opinion  is  that  the  real  opportunity  for  Josephson  junctions  resides  in  their  use 
as  active  parametric  amplifiers.  This  statement  overlooks  the  greatly  reduced 
local  oscillator  power  requirements  of  Josephson  junctions  as  compared  to 

_2 

Schottky's  (10  W versus  10  W) . Because  local  oscillator  power  is  not 
readily  available  above  150  GHz  at  the  present  time,  Josephson  junction 
receivers  should  out -perform  Schottky  receivers  at  these  frequencies.  Edrich's 
double  sideband  noise  temperature  of  1320  K at  300  GHz,  using  a point  contact 


^’Because  Josephson  junetiors  must,  of  necessity,  operate  near  liquid 
helium  temperature,  their  sensitivity  should  be  compared  with  the  corresponding 
results  for  cooled  semiconductor  diodes.  Measurements  on  cooled  Schottky 
diodes  have  been  made  by  Weinreb  and  Kerr  (55)  and  are  contained  in  Table  2. 
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Josephson  junction  as  the  mixer,  a maser  as  the  IF  amplifier,  and  a tripled 
klystron  as  the  local  oscillator,  tends  to  confirm  this.  However,  as  IX)  [xiw'er 
increases,  Schottky  diode  receivers  should  attain  at  least  the  same  performance 
level  at  this  frequency. 


VI.  MILLIMETER  AND  SUBMILLIMETER  WAVE  PHOTOCONDUCTI VE 
DETECTORS 

A.  Introduction 

At  or  near  liquid  helium  temperature,  many  high  purity 
semiconductors  (including  Ge,  Si,  GaAs,  and  laSb)  become  fast,  rugged,  and 
sensitive  detectors  of  millimeter  and  submillimeter  radiation.  A number  of 
different  physical  properties  can  come  into  play  at  low  temperatures  which 
enable  electrons  distributed  throughout  the  bulk  of  the  semiconductor  material 
to  absorb  radiation  in  this  regime  and  thereby  change  their  state  in  such  a way 
that  their  mobility  in  the  sample  is  altered,  leading  to  a photoconducti ve  signal. 

The  most  common  process  utilized  is  called  extrinsic  photoconductivity. 
In  this  technique  electrons  (holes)  bound  to  donor  (acceptor)  impurity  sites  by 
a h\drogen  atom-like  potential  are  excited  into  the  conduction  (valence)  band. 
The  electrons  (holes)  thus  freed  are  able  to  carry  current  and  the  conductivity 
of  the  sample  increases.  The  ionization  energy  for  hydrogenic  impurity 
centers  in  semiconductors  is  approximately 
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where  m*  is  the  effective  mass  of  the  free  carrier  in  the  semiconductor  and  c 

is  the  dielectric  constant.  Small  band  gap  semiconductors  such  as  GaAs  and, 

especially,  InSb  have  small  values  of  m*  and  large  dielectric  constants,  thus 

locating  the  ionization  energy  for  donor  impurity  centers  in  the  millimeter  and 

submillimeter.  For  example,  laSb  has  m*  = 0.013  m , e-  16,  and  E.  = 

7 e lomz 

0.7  meV.  t’nfortunately,  binding  energies  this  small  imply  very  large  hydro- 

H -G 

genic  orbits  , and  for  InSb  the  Bohr  radius  is  roughly  5.6  x 10  cm.  As  a 
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result,  if  the  impurity  concentration  is  not  less  than  approximately  10  ’ cm  ”, 
there  exists  sufficient  interaction  between  adjacent  orbiting  electrons  to  delocal- 
ize them,  and  the  distinction  between  bound  localized  electrons  and  free  elec- 
trons in  the  conduction  band  vanishes.  Because  InSb  has  not  as  yet  been  produced 
at  the  required  purity,  extrinsic  photoconductivity  of  this  type  has  not  been 
observed. 


B.  CiaAs  Extrinsic  Video  Photoconductor 

For  GaAs  the  purity  requirements  are  reduced  (m*  = 0.065  m , 

c - 12),  and  extrinsic  photoconductivity  is  observed  [ 56 , 57 1 for  donor  impurity 

,15-3 

concentrations  up  to  1 x 10  cm  . Optimum  sensitivity  occurs  at  a donor 

impurity  concentration  of  2 x 10^  cm  * [57).  The  frequency  dependence  of  the 

responsivity  curve  is  shown  in  Figure  13.  The  NEP  at  35  cm  1 (the  peak  of  the 

response  curve)  is  1 x 10  ^2  W/(Hz)  * 2.  In  common  with  all  extrinsic  photo- 
conductors, the  response  exhibits  a sharp  low  frequency  cut-off,  which  for 

GaAs  occurs  at  25  cm  * (750  GHz).  This  represents  the  low  frequency  limit 


FREQUENCY,  cm-1  (GHi) 


Figure  1 :t.  Extrinsic  photoconductivity  spectrum  for  high  purity  GaAs 
at  4.2  K.  NEP  at  peak  of  response  curve  is  approximately 

1 x 10"12  W/(Hz) 1/2  [57| . 
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of  extrinsic  photoconductive  detectors  at  the  present  time.  However,  advances 
in  semiconductor  crystal  growth  and  purification  techniques  for  narrow  gap 
materials  such  as  InSb,  InAs,  and  HgCdTe  may  provide  extrinsic  photoconduc- 
tive detectors  which  can  operate  at  lower  frequencies,  perhaps  down  to  200  GHz. 

C.  InSb  Hot  Electron  Video  Photoeonductor 

A second  mechanism  which  leads  to  millimeter  and  submilli- 
meter photoconductivity  involves  the  mobility  change  of  electrons  already  in  the 
conduction  band  upon  the  absorption  of  radiation.  This  effect  is  generally  known 
by  the  term  hot  (or  free)  electron  photoconductivity  and  has  been  widely  used  to 
provide  a sensitive  millimeter  wave  detector,  predominantly  in  InSb.  The 
effect  is  quite  general  and  has  also  been  observed  in  Ge  [58|  and  GaAs  [5G| . 

Because  of  their  high  mobility  in  high  purity  semiconductors,  electrons 
in  the  conduction  band  are  essentially  uncoupled  from  the  lattice  at  liquid  helium 
temperatures  and  interact  predominantly  by  (Rutherford)  scattering  from  the 
ionized  impurity  centers.  The  cross  section  for  Rutherford  scattering  is  pro- 
portional to  1/E“  where  E is  the  kinetic  energy  of  the  electron.  This  strong 
dependence  on  E produces  hot  electron  photoconductivity  because  when  the 
electron  absorbs  radiation  by  free  carrier  absorption,  its  scattering  cross 
section  decreases;  hence,  the  mobility  increases  and  one  observes  a correspond- 
ing drop  in  resistivity  across  the  sample.  In  contrast  to  ordinary  photoconduc- 
tive processes  where  the  absorption  of  radiation  allows  a carrier  to  make  the 
transition  from  a bound  state  to  a high  mobility  state,  the  hot  electron  response 
increases  with  increasing  wavelength  since  the  cross  section  for  free  carrier 
absorption  is 
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where  n is  the  carrier  concentration  and  t is  the  collision  time.  In  InSb  the 

peak  responsivity  occurs  near  1 mm  and  falls  off  as  I /u;  in  the  submillimeter 
range. 

The  laSb  hot  electron  photoconductor  is  also  called  the  Rollin  detector 
after  the  individual  who  suggested  its  use  [59|.  Its  capabilities  were  first 
demonstrated  by  Kinch  and  Rollin  l GO  | , and  it  has  been  widely  applied  to  high 
sensitivity  millimeter  and  submillimeter  measurements  where  conditions  allow 
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the  use  of  liquid  helium.  The  relative  spectral  responsivity  of  the  Rollin 
detector  is  shown  in  Figure  14.  The  NEP  at  the  responsivity  peak  (in  the 

region  between  1 and  2 mm)  is  approximately  1 x ]<>  \V/(Hz) 1 although 

Vystavkin  ct  al. , claim  to  have  measured  an  NEP  of  2 x ]()  i ! W /(Hz) J 

for  this  detector  by  carefully  optimizing  the  detector  geometry  and  the  receiving 

chamber  |(>1|. 


0 5 10  15  20  25  30 

(150)  (300)  (450)  (600)  (750)  (9001 

FREQUENCY,  cm-1  (GHz) 

Figure  14.  Spectral  response  of  the  InSb  millimeter  wave  detector. 

NEP  at  peak  of  response  curve  is  approximately  1 x )0  11 

W/(Hz)  1 This  can  be  reduced  to  1 x 10  12  W/(Hz)  * 
by  the  use  of  a cooled  step-up  transformer  or  by  the 
application  of  a dc  magnetic  field  in  the  range  of  4 to 
H kilogauss  ( GU| . 


D. 


InSb  Cyclotron  Resonance  Video  Detector 


The  application  of  a magnetic  field  to  the  Rollin  detector 

extends  its  usefulness  into  the  submillimeter  and  far-infrared.  Free  carrier 

absorption  is  replaced  by  cyclotron  resonance  absorption  between  adjacent 

Landau  levels  in  the  presence  of  a dc  magnetic  field,  and  just  at  the  frequencies 

where  o.  becomes  small,  a , , becomes  large  and 

free  carrier  cyclotron  resonance 

sharply  defined  in  terms  of  wavelength  response.  The  peak  cyclotron  resonance 

absorption  (and  corresponding  photoconductivity)  occurs  at  the  Landau  level 

energy  separation 


— — = ncr 
m*c  c 


where  B is  the  magnetic  field  intensity  and  c is  the  velocity  of  light.  The 
maximum  cyclotron  resonance  absorption  is  one  half  the  maximum  free  carrier 
absorption  corresponding  to  the  fact  that  only  one  circularly  polarized  component 
of  radiation  is  effective  in  cyclotron  resonance. 

In  addition  to  extending  the  range  of  the  detector,  the  use  of  a magnetic 
field  with  InSb,  called  a Putley  detector,  provides  increased  responsivity  at 
low  fields  (B  10  kilogauss)  and  a tunable,  narrow  band  response  at  higher 
fields  [ 60-615 1 . Figure  15  shows  the  measured  response  of  the  Putley  detector 
at  various  magnetic  fields,  indicating  that  the  tunable  narrow  band  capability 
extends  from  approximately  150  p to  20  p using  a 100  kilogauss  superconducting 
magnet  system. 

E.  Silicon  Negative  Donor  Ion  Video  Detector 

The  combination  of  InSb  and  GaAs  provides  photoconducti  ve 
detection  capabilities  extending  from  the  millimeter  to  100  p.  For  wavelengths 
shorter  than  120  p,  doped  germanium  detectors  are  available  [64).  Thus,  the 
entire  spectrum  from  the  millimeter  to  10  p and  beyond  is  covered  with 
photoconducti  ve  detectors.  However,  the  capabilities  of  mid-infrared  detectors 
(e.g.,  detectors  at  10.6  p)  are  superior  to  those  in  the  millimeter  and  sub- 
millimeter in  terms  of  speed,  quantum  efficiency,  and  responsivity. 

Speed  of  response  is  a particularly  serious  problem.  The  response  time 
of  the  InSb  detector  is  approximately  0.4  msec  and,  therefore,  it  cannot 
provide  the  bandwidth  required  for  many  applications.  Recently,  Norton  1 65, 66 1 
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Figure  15.  Photoresponse  per  photon  of  the  InSb  Putley  detector 
in  arbitrary  units  plotted  against  wavelength.  The  curves 
have  been  normalized.  Magnetic  field  strength  and 
spectrometer  resolution  are  indicated  [62J. 


has  reported  the  development  of  a submillimeter  detector  which  is  claimed  to 
have  a nanosecond  response  time  and  a quantum  efficiency  of  1 to  5'7  . The 
mechanism  of  photoconductivity  is  believed  to  result  from  the  ionization  of  an 
electron  (weakly)  bound  to  a neutral  donor,  i.e.,  ionization  from  negative 


donor  ions.  Relatively  heavily  doped  (N 


16 

1 x 10 


cm 


uncompensated 


n-type  silicon  is  used.  In  silicon,  the  ionization  energy  for  neutral  donors  is 

rather  large,  approximately  500  cm  . To  supply  electrons  which  can  bind  to 
neutral  donors,  denoted  as  sites,  unfiltered  room  temperature  background 

radiation  is  allowed  to  illuminate  the  detector  and  neutral  donors  are  thereby 


ionized.  Recombination  can  then  occur  to  either  ionized  donors,  denoted  as  D 

4-  O 

sites,  or  D sites,  with  recombination  rates  R and  R , respectively.  These 
o 

processes  are  illustrated  in  Figure  16.  By  operating  the  detector  at  high  bias 
levels  (approximately  50  V 'em),  a reduced  recombination  rate  to  D sites  is 
obtained  due  to  the  high  velocity  of  electrons  (R  1 E^) , and  electron  life- 
times are  dominated  by  capture  at  D°  centers.  Norton  [65|  estimates  that  the 
steady-state  concentration  of  negative  donor  ions,  denoted  as  D sites,  is 


1.) 

approximately  1 x 10  cm 
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Figure  16.  Generation,  recombination,  and  trapping  by  neutral 
donor  mechanisms  are  illustrated  for  the  effect  each  has  on 
the  charge  state  of  the  donor  impurity.  The  transition  made 
by  the  electron  is  shown  in  each  case  [65). 

The  spectral  response  of  the  silicon  negative  donor  ion  is  shown  in 

Figure  17.  At  the  peak  of  the  responsivity  curve,  near  50  cm  ' , the  NEP  is 

estimated  to  be  1 > 10  1 * W/(Hz)  1 “,  and  it  is  claimed  that  heterodyne 

-19  -19 

receiver  NEP's  of  between  1 x 10  W Hz  and  5 x 10  \\  Hz  can  be  obtained 

with  sufficient  TO  power,  which  he  estimates  to  be  in  the  range  of  50  mW. 

Perhaps  the  most  important  aspect  of  the  work  on  the  silicon  negative 
donor  ion  is  that  it  represents  the  first  new  photoconductive  detector  developed 
for  the  submillimeter  region  in  a number  of  years,  and  the  novel  concept  of 
using  states  other  than  simply  hydrogenic  impurities  to  generate  a submilli- 
meter photoconductive  response  suggests  a number  of  variations  which  could 
lead  to  comparable  performance  in  the  millimeter.  For  example,  negative 
donor  ion  states  in  germanium  should  have  a lower  binding  energy  than  those 
in  silicon,  which  should  push  the  responsivity  curve  (Figure  17)  to  lower 
frequencies. 

There  are  a number  of  advantages  which  bulk  photoconductive  detectors 
have  over  junction  devices:  (1)  relatively  large  size  which  allows  sufficient 
coupling  of  the  radiation  w ith  conventional  optical  techniques,  ( 2)  ease  of  fabri- 
cation, (3)  reproducibility  and  ruggedness,  ( t)  relative  insensitivity  to  noise 
and  vibration,  and  (5)  inability  to  be  destroyed  by  improper  biasing  and  turn-on 
procedures.  Therefore,  it  would  be  highly  desirable  to  have  sensitive,  high 
speed  ( r < 5 nsec)  photoconductors  capable  of  operating  between  100  and 
600  GHz.  Such  detectors  do  not  exist  at  the  present  time;  InSb  is  reasonably 
sensitive  but  has  a limited  bandwidth  capability  ( - 2 MHz).  New  concepts  with 
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Figure  17.  Spectral  response  of  the  phosphorous -doped  silicon 
detector  is  shown  at  constant  far-infrared  power  for  two 
temperatures  [ 66 1 . 

well-characterized  semiconductors  (such  as  the  silicon  negative  donor  ion)  and 
improved  crystal  growth  techniques  of  new'  semiconductor  compounds  should 
provide  detectors  with  the  required  characteristics. 

Nevertheless,  in  spite  of  the  advantages  listed  for  photoconductors,  it  is 
unlikely  that  these  detectors,  which  operate  at  or  below'  liquid  helium  tempera- 
ture, can  compete  with  room  temperature  junction  devices  for  millimeter 
wave  (i»  < :$00  GHz)  radar  system  applications.  At  frequencies  below  GOO  GHz, 
state-of-the-art  Schottky-barrier  diode  superheterodyne  receiver  systems  now- 
have  sensitivities  that  are  approximately  one  order  of  magnitude  above  the 
thermal  background  limit  and  are  continuing  to  improve.  Thus,  millimeter 
wave  photoconductors  provide,  at  best,  a factor  of  JO  improvement  in  signal- 
to-noise  ratio,  and  this  gain  is  probably  insufficient  to  compensate  for  the 
formidable  problems  of  field  operation  at  liquid  helium  temperature.  The  same 
relative  numbers  and  argument  apply  to  video  detection  at  frequencies  below 
300  GHz. 

At  submillimeter  frequencies  between  300  and  600  GHz,  the  present 
performance  of  room  temperature  junction  devices  falls  rapidly,  and  the 
relative  advantage  of  photoconductors  is  two  to  three  orders  of  magnitude. 
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Whether  this  difference,  which  is  sufficiently  large  to  require  a serious  con- 
sideration of  the  trade-offs  involved,  can  be  reduced  with  further  improvements 
in  junction  receiver  design  remains  an  open  question  at  the  px-esent  time. 

F.  InSb  Superheterodyne  Receiver  System 

The  potential  of  the  InSb  hot  electron  detector  as  the  mixing 
element  in  high  sensitivity  millimeter  wave  superheterodyne  receivers  was 
noted  by  Putley  in  19(>G  1 1 1 . Assuming  the  receiver  would  be  limited  by 

_ I O 

amplifier  noise,  Putley  estimated  an  NEP  of  10  W/Hz.  The  capabilities  of 
the  detector  were  realized  in  the  systems  designed  by  Phillips  and  Jefferts 
(21,251  in  197.'i  and  1971  for  operation  at  115  and  220  GHz,  respectively.  By 
using  a room  temperature  IF  amplifier  (20  kHz  to  2 MHz)  with  eight  parallel 
FET's,  they  obtained  a much  lower  amplifier  noise  figure  and  achieved  an 

overall  system  NEP  of  8 x 10  W /Hz  (Table  2)  which  is  only  a factor  of  2 
above  the  fundamental  limit  set  by  background  thermal  noise. 

The  InSb  detector  is  mounted  in  a waveguide  as  shown  in  Figure  18  and  is 
backed  by  a tuning  reflector.  One  of  the  advantages  of  the  InSb  mixer  is  the 

much  lower  local  oscillator  power  requirements  ( 10  W) , relative  to  the 

-2 

Schottky-barrier  diode  (10  W),  for  optimum  performance.  As  a result, 

a relatively  inefficient  Schottky-barrier  diode  doubler,  driven  by  a 115  GHz 
klystron,  provides  sufficient  local  oscillator  power  for  the  InSb  mixer  at 
220  GHz.  In  addition,  this  receiver  should  be  capable  of  comparable  operation 
at  frequencies  as  high  as  1000  GHz,  which  is  well  beyond  the  frequency  capability 
of  present  low  noise  diode  mixer  systems.  A major  disadvantage  of  the  system, 
other  than  the  cryogenic  requirements,  is  that  the  relatively  slow  response 
time  of  the  detector  limits  the  bandwidth  to  approximately  2 MHz.  Nevertheless, 
the  receiver  has  been  very  successful  in  radio  astronomy  applications.  For 
example,  four  new  interstellar  lines  were  observed  in  the  200  GHz  range,  three 
from  CO  at  219,  220,  and  220  GHz  and  one  from  DCN  at  217  GHz  [25| . 

In  addition  to  its  near  ideal  NEP  and  capability  of  operating  equally  well 
over  tiie  entire  spectral  range  of  interest  of  this  l’eport,  the  InSb  receiver 
demonstrates  the  great  potential  for  bulk  photoconductors.  The  major  problem 
that  remains  is  to  develop  a fast  (t  15  nsec)  sensitive  photoconductor  for  this 
region  of  the  spectrum. 
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Figure  18.  The  bulk  laSb  mixer  of  Phillips  and  Jefferts.  The 
semiconductor  is  shown  placed  in  the  RG-i:i7  waveguide. 

The  active  region  of  the  bolometer  is  etched  to  dimensions 
of  approximately  0.5  x 1.0  x 0. 1 mm  125). 

VII.  RECOMMENDATIONS 

The  application  of  millimeter  and  submillimeter  ( 100  to 
GOO  GHz)  wave  radar  systems  to  surface-to-surface  trackirg  and  missile 
guidance  is  at  present  impacted  by  the  limited  availability  of  sensitive  and 
rugged  room  temperature  superheterodyne  receivers,  although  such  receivers, 
utilizing  GaAs  Schottky-barrier  diodes,  have  been  successfully  demonstrated 
in  laboratory  environments  at  frequencies  up  to  525  GHz.  The  availability 
situation  grows  progressively  worse  as  one  moves  to  higher  frequencies,  and 
systems  operating  above  140  GHz  are  obtainable  on  special  order  only,  with 
delivery  times  extending  to  one  year  and  longer.  Army  support  is  strongly 
recommended  here  to  speed  up  the  conversion  of  scientific  realizability  into 
commercial  availability.  This  program  should  include  support  for  (1)  high 
frequency  Schottky  diode  development,  including  a critical  evaluation  of  the 
relative  performance  of  GaAs  versus  silicon  Schottky's  operating  in  the  range 
between  100  and  550  GHz,  (2)  support  for  the  development  of  local  oscillator 
sources  in  this  frequency  range,  particularly  stable  solid-state  oscillators, 
and  (5)  support  for  promising  new'  coupling  concepts  such  as  quasi-optical 
couplers  and  planar  diode  arrays  which  can  bypass  the  increasingly  large 
waveguide  losses  occurring  at  these  frequencies.  Considering  the  present 
scientific  state-of-the-art,  a reasonable  but  stringent  5 year  goal  of  this 
program  might  be,  for  example,  to  make  sensitive  and  rugged  superheterodyne 
receiver  systems  available  at  all  the  atmospheric  windows  in  the  millimeter 
( i.e. , at  94,  140,  220,  and  540  GHz)  with  a noise  figure  of  less  than  7 dB 
(single  sideband)  at  all  frequencies. 
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The  direct  detection  capabilities  of  Schottky-barrier  diodes  in  the  milli- 
meter has  been  largely  overlooked  because  the  principal  applications  until  now, 
such  as  millimeter  wave  astronomy,  required  the  seven  to  nine  orders  of  mag- 
nitude improvement  in  sensitivity  available  from  superheterodyne  detection. 

For  certain  missile  guidance  applications  (e. g. , the  missile  receiver  in  a beam- 
rider  system) , the  direct  detection  sensitivity  of  Schottky’s  may  be  adequate 
and,  if  so,  would  provide  a compact  and  inexpensive  solution  to  a critical 
problem.  Army  support  for  a research  program  in  this  area  is  recommended. 
Among  the  problems  that  need  consideration  are  ( 1)  optimum  coupling  tech- 
niques for  video  detection,  (2)  noise  spectrum  characteristics  of  millimeter 
wave  Sehottky  diodes,  and  (:i)  the  development  of  appropriate  video  amplifiers. 

A related  problem  that  requires  attention  is  the  performance  of  Schottky’s  in  an 
environment  similar  to  that  on  an  in-tlight  missile.  Planar  Schottky’s,  which 
are  inherently  more  rugged,  may  be  important  for  this  application. 

High  speed  photoconductors  and  Josephson  junctions  are  alternatives  to 
Schottky-barrier  diodes  as  detectors  in  superheterodyne  and  video  receivers. 
However,  both  types  of  devices  require  liquid  helium  temperature  for  operation 
in  the  millimeter  and  submillimeter  region,  and  their  sensitivity  advantage 
: relative  to  Schottky’s  is  diminishing  with  time.  In  addition  to  the  cryogenic 

burden,  both  the  photoconductors  and  Josephson  junctions  suffer  additional 
problems  which  have  been  detailed  in  this  report,  and  some  attention  should 
be  given  to  their  resolution. 


! 
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